Objective: Diagnostic errors lead to preventable hospital morbidity and mortality. ICU patients may be at particularly high risk for misdiagnosis. Little is known about misdiagnosis in pediatrics, including PICU and neonatal ICU. We sought to assess diagnostic errors in PICU and neonatal ICU settings by systematic review. Data Sources: We searched PubMed, Embase, CINAHL, and Cochrane.
D
iagnostic errors in medicine represent a large source of preventable morbidity and mortality in hospitalized patients. It has been estimated that diagnostic error results in 40-80,000 deaths annually in the United States (1) . ICU patients may be at significantly higher risk for diagnostic errors and thus are a population that deserves special focus (2) (3) (4) .
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Diagnostic errors are likely underreported and underrecognized. The majority of studies reporting diagnostic error use autopsy data as the gold standard compared with clinical data to identify missed diagnosis and diagnostic error. Autopsy-based studies typically use a Goldman classification system (Table 1) (7). Class I errors are those that, if recognized, have the potential for direct impact on both therapy and outcome (7) .
Although there is an emerging literature and investigations into diagnostic error in adult ICU medicine (4, 8, 9) , relatively little is known about diagnostic error in pediatrics (10, 11) and even less is known about diagnostic error in the neonatal ICU (NICU) and PICU. It has been reported that diagnostic errors occur more frequently in patients who die in the ICU when compared with patients who die in the emergency department or in the general ward (3). Autopsy rates in pediatric patients have also been reported to be higher than in adult patients (3) .
To begin to understand the burden and scope of diagnostic error in PICU and NICU patients, we performed a comprehensive search of the available literature on diagnostic error to identify studies reporting rates for PICU or NICU patients. The goal of this study was to estimate the prevalence and distribution of autopsy-confirmed diagnostic errors in PICU and NICU populations. We hypothesized that there would be limited available applicable literature. Based on a prior study of adult ICU patients (4), we hypothesized that most errors would be related to infection and vascular events; however, we expected a significant contribution of undiagnosed congenital and genetic-metabolic conditions in the pediatric population.
METHODS
A related study from our group on adult ICU patients used the same general methods described below (4).
Search Strategy
We searched published literature through November 11, 2013, for observational studies that examined the prevalence of diagnostic errors in the PICU and NICU, as diagnosed by the reference standard of autopsy. Databases searched included PubMed, Embase, Cumulative Index to Nursing and Allied Health Literature, and the Cochrane Database of Systematic Reviews. There were no language limitations. The search strategies were designed by expert searchers (K.A.R., V.G.) together with clinical investigators (J.W.C., B.D.W., D.E.N.-T.). Search terms included ICU, critical care, intensive care, pediatric, neonatal; AND diagnostic error, misdiagnosis, diagnostic delay, diagnostic error; AND necropsy, autopsy. All of the clinical investigators who served as reviewers have expertise in critical care medicine or evaluation of diagnostic errors. Two reviewers (J.W.C., B.D.W.) independently screened each abstract. All studies considered eligible by either reviewer were subjected to a full article review to determine inclusion in the final analysis. Disagreements between the two primary reviewers were resolved by discussion and group consensus with a third author (D.E.N.-T.). Bibliographies from retrieved articles were screened for other relevant studies. We did not attempt to contact authors or identify meeting abstracts, unpublished studies, or other gray literature.
Inclusion Criteria
Studies of 10 or more patients who died in PICUs or NICUs with diagnostic errors confirmed by autopsy were included.
Exclusion Criteria
Studies that lacked original data, PICU or NICU specific data, or examined only a single patient condition (e.g., diaphragmatic hernia) were excluded.
Data Abstraction
Three authors (J.W.C., B.D.W., D.E.N.-T.) abstracted the data for pooled analysis. These data included number of deaths, autopsies, error class, underlying diagnoses, country, and ICU type. We did not assess the quality of included studies. We grouped errors for analysis using the Goldman classification scheme (Table 1) . Data were tabulated using Microsoft Excel 2008 for Mac (Microsoft, Redmond, WA).
Descriptive statistics were calculated using Stata V.11 (Stata, College Station, TX). A p value of less than 0.05 was considered statistically significant. Because error rate estimates are influenced by the overall autopsy rate (fraction of deaths undergoing autopsy) (12), we developed a statistical model to estimate the "true" projected error rate under a hypothetical 100% autopsy rate. A random intercept logistic regression model was fit to the class I misdiagnosis rate (number of class I errors vs number of autopsies performed) as a nonlinear function of the percent of autopsies performed (natural spline with 2 df). A likelihood ratio test was performed with R V.2.11.1 (R Foundation for Statistical Computing, Vienna, Austria) to determine if the nonlinear function was justified over a linear fit. The random intercept was included to account for natural variation across studies as is standard in meta-analysis. We controlled for size of study (number of autopsies) and the study time period in this model.
This review was prepared in accordance with the Metaanalysis of Observational Studies in Epidemiology (13) and Preferred Reporting Items for Systematic Reviews and MetaAnalyses (14) guidelines for systematic reviews of observational studies.
RESUlTS
We identified 329 citations and screened 79 full-text articles for study inclusion (Fig. 1) . Seven studies with PICU data were included (3, (15) (16) (17) (18) (19) (20) and six studies reporting data for NICU patients (21) (22) (23) (24) (25) (26) . (Table 2 ) Principal reasons for exclusion were studies of adult ICU patients and studies restricted to a single, specific condition (Fig. 1) . In total, major errors occurred in 19.6% (class I, 4.5%; class II, 15.1%). Individual class I and II misdiagnoses are listed in PICU PICU studies were conducted in Brazil, Chile, the Netherlands, Spain (2) , and the United States (2) ( Table 2) . Four of the studies were retrospective and three prospective. All used the Goldman classification scheme for reporting diagnostic errors; however, not all studies report on class III and IV errors.
Two of the studies included data from patients admitted after the year 2000 (19, 20) . Data collection ranged from 28 to 144 months (mean, 67.6 mo). Autopsy rates ranged from 22% to 72% (weighted mean, 46%; median, 48%).
The PICU studies examined a total of 1,063 PICU deaths and 498 autopsies (Table 4) . Major errors occurred in 20.2% (class I, 6.4%; class II, 13.8%). Class I and II errors are detailed in Table 3 . A total of 32 Goldman Class I errors were identified with the most frequent related to missed infection (43.8%) and vascular events (37.5%). Class II errors were identified in 69 cases with the most frequent again related to infection (44.9%) and vascular events (24.6%). Congenital malformations and heritable genetic/metabolic disorders together accounted for another 23.2%. Class III and IV errors were identified in 109 and 41 autopsies, respectively. Some autopsies were associated with multiple errors in one or more class. Neonatal ICU NICU studies were conducted in Australia, Canada, India, Spain, the United Kingdom, and the United States ( Table 2) . Four of the studies were retrospective and two prospective. All used the Goldman classification scheme for reporting diagnostic errors; however, not all studies report on class III and IV errors. The studies reported a specific diagnosis for class II errors in 78% of the cases. One of the studies included data from patients admitted after the year 2000 (23) . Data collection ranged from 14 to 120 months (mean, 78.3 mo). Autopsy rates ranged from 39% to 82% (weighted mean, 59%; median, 61%). The NICU studies examined a total of 2,124 neonatal deaths and 1,259 autopsies (Table 4) . Major errors occurred in 19.2% Necrotizing enterocolitis (3)
Hepatic necrosis (9) Visceral laceration (2)
Other (18)
Meconium aspiration (12) Trauma (3) Necrosis of respiratory tract (3)
Diagnosis not specified (44)
Unless otherwise stated in parenthesis only one patient had the diagnosis. Infection (14) Infection (31) Bacterial (3) Bacterial (6) Viral (3) Viral (7) Fungal (3) Other (18) Not specified (5) Vascular events (17)
Vascular events (12)
Thrombosis (3) Hemorrhage (6) Hemorrhage (6) Thrombosis (4) Other (8) Ischemic bowel (2) Congenital malformations (10)
Genetic/metabolic
Congenital heart disease (6) Cystic fibrosis Coronary dysplasia
Other (5)
Biliary atresia
CNS tumor Valvular dysplasia
Other malignancy (2) Thalamic angioma
Not specified Genetic/metabolic (6)
Chronic granulomatous disease
Glycogen storage disease
Bruton agammaglobulinemia
Severe combined immunodeficiency Tyrosinemia α-1 antitrypsin deficiency
Abdominal pathology (5)
Adrenal necrosis (4) Hepatic necrosis (1) Unless otherwise stated in parenthesis only one patient had the diagnosis. were also frequently missed. Class III and IV errors were identified in 434 and 97 autopsies, respectively. Some autopsies were associated with multiple errors in one or more class.
Impact of Autopsy Rate
The prevalence of class I misdiagnosis went down with increasing autopsy rates in the PICU (Fig. 2) and to a lesser extent in the NICU (Fig. 3) . We attempted to predict the prevalence of class I misdiagnoses, if every patient who died in the PICU or NICU had an autopsy (a hypothetical "perfect" 100% autopsy rate); however, due to the paucity of data in these pediatric populations, we could not calculate a statistically valid result.
Error Risk Factors and Causes
Some studies reported on cognitive, systems, or clinical factors associated with diagnostic errors. Dahr et al (24) found a strong correlation between diagnostic uncertainty and missed diagnosis. Several PICU studies concluded that there was no correlation between PICU length of stay and missed diagnosis (15, (17) (18) (19) . Kabra and Udani (21) concluded that there was no correlation between gestational age in the NICU population and missed diagnosis. None of these factors, however, were reported in a sufficient number of studies to pool results.
DISCUSSION
This systematic review builds on recent data describing diagnostic errors in the adult ICU (4) and is the first to aggregate available data on PICU and NICU misdiagnosis. We found that 6.4% of autopsied PICU patients and 3.7% of autopsied NICU patients had a class I diagnostic error. We also found that 13.8% of autopsied PICU patients and 15.5% of autopsied NICU patients had a class II diagnostic error. Error rates in the PICU population are similar to recently published data on adult ICU patients (4), but the reported NICU data show a slightly lower overall error rate. These results must be interpreted in the context of knowing that not all patients who died underwent autopsy. There is likely bias in selecting which patients undergo an autopsy (i.e., autopsies are thought to be more aggressively pursued when the cause of death is clinically uncertain), so measured error rates vary as a function of the autopsy rate and may differ from the "true" error rate where all patients were autopsied (4, 12, 27) . We attempted to create a model-based estimate of the "true" class I error rate, but the data were too limited to make an accurate assessment. It would be difficult to estimate the burden of misdiagnosis on pediatric mortality with the available data. Adult data suggest that as many as 40,500 adult ICU patients per year die as a result of diagnostic error (4). Since our data show similar error rates to adults, the pediatric impact is likely to be significant. Autopsy-based studies cannot assess morbidity attributable to diagnostic error in patients who survive their ICU stay, but the impact on patients and the healthcare system is likely substantial. Diagnostic error is known to contribute to reoperations and increased length of stay in ICUs (28, 29) . Studies based on closed malpractice claims suggest that misdiagnosis results in serious morbidity as often as death (30) . Major errors (class I/II) most often involved missed infections (30.8%) and vascular events (18.3%). Overall, this is similar to adult ICU patients, but in adults, vascular events outnumber infections (4) , whereas the reverse is true for children and neonates. Undiagnosed congenital malformations and heritable genetic/metabolic conditions also contributed to major diagnostic errors (16.2%). These were more often seen in NICU patients than in PICU patients and were much more likely to be considered lethal (i.e., class I). This is not surprising since PICUs typically treat older children in whom congenital disorders have a tendency to have been previously diagnosed.
There are limited data to determine the root cause of misdiagnosis and possible solutions. We were unable to draw broad inferences across studies because risk factors were inconsistently reported. The diagnostic process is complex and cognitive or system errors may occur at any step (31, 32) . One of the studies suggested that teams were at least aware of diagnostic uncertainty (24) , contrary to what has been reported for adults (33) . Information overload and poor data management have been suggested as possible reasons to explain why ICUs may have a higher prevalence of misdiagnosis than the general hospital population. Information technology that allows for more efficient retrieval and organization of patient data (34) may help reduce ICU diagnostic error (1) .
Pediatric hospitalized patients present special cognitive challenges because of the wide range of ages, developmental stages, and diagnoses cared for simultaneously (35) . Unlike adults, age-specific diseases with variable presentations add to the diagnostic complexity. This is especially so for congenital malformations and genetic/metabolic disease. Advances in genetic testing may improve future diagnostic accuracy (36) . Antemortem testing should be considered, although costs may also factor into the equation (6) . Postmortem genetic and metabolic testing is becoming more frequent and may also be appropriate for pediatric patients where the cause of death is in question. Studies have shown that genetic and metabolic postmortem testing can identify a previously missed diagnosis approximately 18% of the time (37) . Findings from postmortem genetic studies may have a significant impact on other family members as well as future offspring of the decedent's parents.
Numerous strategies to improve diagnostic accuracy have been proposed, but none has been tested for their impact on hard clinical outcomes (38) . A targeted approach to diagnostic education in medical training may improve diagnostic reasoning skills (39) . Enhanced training in the cognitive aspects of diagnosis and awareness of potential biases might help reduce cognitive error (40) . Systems-oriented solutions to reduce diagnostic errors may hold special promise (32) . Maintaining adequate staffing models, appropriate physician to patient ratios, and 24/7 presence of or access to expert clinicians in ICUs may reduce error rates (41, 42) . Computer-based diagnostic decision support tools are expected to transform medical diagnosis in the future and have been shown to be effective in some limited settings (43) . Few tools, however, have been created for or tested in the complex PICU or NICU environments (44, 45) .
lIMITATIONS
There are several limitations of this review. The majority of included studies were retrospective, and there is potential for selection bias in those autopsied. The autopsy-based design did not permit assessment of nonlethal misdiagnosis-related morbidity, which could be substantial. Our review yielded small sample sizes at single centers, and it is unclear from the reports if there was similar access to diagnostic tests across the different institutions. It is very possible that variation in the availability of diagnostic tests may have influenced the rates of misdiagnosis. Error causes or contributory factors were generally not studied or only studied inconsistently. There were no comparative data on staffing models, attending oversight, or other systems factors. The majority of these studies are older, with only four of 13 studies published after 2002. With the changing landscape of healthcare and healthcare technology, these studies may not be an accurate reflection of current diagnostic error rates. We did not restrict the quality of included studies, and there is a risk that the original authors could have misclassified the diagnostic errors. Despite these weaknesses, coherence of our study's findings with the more robust data available from adult ICU populations (4) speaks to the likely validity of our overall estimates and breakdown of most frequently missed disorders.
CONClUSIONS
This systematic review demonstrated that there is a paucity of literature related to diagnostic error in PICUs and NICUs. Available data suggest that diagnostic errors are potentially lethal in 6.4% of PICU and 3.7% of NICU deaths, likely causing the preventable deaths in a significant number of children. These results do not consider the impact of nonlethal morbidity. Thus far, diagnostic errors have received relatively little attention and research funding, leaving the methods to measure them underdeveloped (1) . A prospective study examining the process and workflow of ICU diagnosis, diagnostic reasoning, and the impact of diagnostic error on patients is the logical next step in tackling this important issue. Policymakers and other stakeholders should consider diagnostic errors a top priority for further patient safety research.
